The mgtCB locus of Salmonella enterica serovar Typhimurium (19, 39, 43) on Salmonella pathogenicity island 3 (3) encodes the 22.5-kDa MgtC (24) and 102-kDa MgtB integral membrane proteins (19, 41) . Expression of mgtCB is induced upon invasion of macrophages (38) and during serovar Typhimurium infection of mice (2) . Transcription of the mgtCB operon is controlled by extracellular Mg 2ϩ concentration through the Mg 2ϩ binding PhoQ sensor kinase which in turn activates the PhoP transcription factor (5, 12, 13, 16, 38, 42, 44) . This two-component signal transduction system controls a number of genes important for serovar Typhimurium virulence (4, 12, 16) . mgtB encodes a P-type ATPase that mediates the influx of Mg 2ϩ (43) , but despite its induction via a signal transduction system controlled by its substrate, MgtB's importance during infection is unclear (2, 24, 38) . Conversely, MgtC is required for optimal serovar Typhimurium virulence (2) , but its function has been elusive.
The N terminus of MgtC is extremely hydrophobic, with four or five transmembrane segments, followed by a soluble probably cytosolic C-terminal tail of about 90 amino acids. Given an association in an operon with the MgtB transporter and its location in the membrane, it is reasonable to speculate that MgtC encodes some type of transporter or an accessory protein to MgtB or another transport system. However, MgtC is neither required for nor influences MgtB transport activity (24) . MgtC has also been suggested to be a Mg 2ϩ /H ϩ antiporter (2) , but this is unlikely based on expression and phenotypic data (24) . Since 28 Mg 2ϩ is not readily available, a direct test of the ability of MgtC to transport Mg 2ϩ is not possible. Expression in Xenopus laevis oocytes, however, offers an alternative approach to determining MgtC function. Because of the size of the oocyte and its ability to express mRNA from a heterogeneous source, it has long been used to characterize transporters and channels (8, 32, 33, 48) . Thus, the expression of MgtC in the oocyte offers the possibility of detecting ion movements with great sensitivity.
The results presented here demonstrate that, when expressed in oocytes, MgtC does not transport Mg 2ϩ . Instead, it can apparently activate the endogenous Na ϩ ,K ϩ -ATPase of the oocyte plasma membrane. This ubiquitous enzyme, the "sodium" pump, is largely responsible for maintenance of membrane potential in most mammalian cells (9, 35) . Thus, during serovar Typhimurium infection MgtC could have significant effects on cellular ion homeostasis through a prolonged alteration of Na ϩ and K ϩ homeostasis and membrane potential.
MATERIALS AND METHODS
Oocyte preparation and bath solutions. Experiments were carried out using Xenopus laevis oocytes (Xenopus Express, Beverly Hills, FL). Surgery and oocyte dissociation and defolliculation were performed as previously described (31) . Oocytes were kept in OR3 medium (34) at 15 to 18°C for about 12 h before injection with cRNA or water. Injected oocytes were incubated in the same medium until used for experiments, 2 to 10 days after injection.
For electrophysiological experiments, oocytes were transferred to an experimental chamber with a volume of about 500 l that was continuously perfused with saline at room temperature (19-22°C) . The standard saline contained 90 mM NaCl, 2 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 18 mM choline chloride, 3 mM HEPES, 3 mM MES (morpholineethanesulfonic acid), and 3 mM Tris (pH 7.5) adjusted with NaOH. The use of three pH buffers allowed titration over a wide range of pH values. Depending on the experimental protocol, the ionic composition of the saline could be modified without changing the osmolarity. Complete replacement of choline chloride with KCl gave 20 mM KCl, whereas 0 K ϩ and 0 Na ϩ solutions were obtained by equimolar replacement with choline chloride. A complete replacement of NaCl with KCl gave 92 mM K ϩ solutions, which were also nominally Na ϩ free. In all Na ϩ -free solutions, pH was titrated with choline hydroxide instead of NaOH. Solutions of 0 Mg 2ϩ or 0 Ca 2ϩ were obtained by omitting the respective cation and increasing the choline chloride content by 1.5 and 3 mM, respectively.
Ion-selective microelectrodes. All microelectrodes were pulled from capillaries of WPI 1B150F borosilicate glass using a P-97 puller (Sutter, Novato, CA) and silanized as described previously (36) . The microelectrodes were filled with ion sensors (Fluka) for Mg 2ϩ (sensor ETH 5214, cocktail IIa), Na ϩ (sensor ETH 227, cocktail Ia), K ϩ (sensor valinomycin), Cl Ϫ (chloride ionophore I, cocktail A, Fluka 24902), or pH (sensor ETH 1907, cocktail IIa) as described by Günzel and Schlue (18) . The pH microelectrodes were back-filled with the standard saline solution (described above), Mg 2ϩ microelectrodes with 1 mM MgCl 2 plus 100 mM KCl, Cl Ϫ , and K ϩ microelectrodes with 100 mM KCl and Na ϩ microelectrodes with 100 mM NaCl. Separate conventional microelectrodes were filled with 3 M KCl and served as intracellular reference electrodes.
All potentials were measured against the potential of an extracellular reference electrode (agar bridge containing 3 M KCl and an Ag/AgCl cell), using voltmeters with an input resistance of 10 15 ⍀ (FD223; WPI). The output signals were A/D-converted and continuously recorded by using HEKA software. Pure ionic potentials (difference potentials between the potentials of the ion-sensitive microelectrode and the intracellular reference microelectrode) were obtained using the software's subtraction mode.
Before each experiment, the Na ϩ , K ϩ , Cl Ϫ , and Mg 2ϩ microelectrodes were calibrated with a series of four calibration solutions that contained either a constant ionic background (Na ϩ , Cl Ϫ , and Mg 2ϩ ) or, for K ϩ calibration solutions, a constant sum of Na ϩ and K ϩ ( Table 1) . The data were fitted by using the Nikolsky-Eisenman equation (1) . pH-sensitive microelectrodes were calibrated in the standard saline solution (above) titrated to pH 7.5 and 5.5. The pH electrodes used showed no interference by any of the cations and exhibited a strictly Nernstian behavior within this pH range, i.e., a slope of about Ϫ57 mV/pH unit.
Ion microelectrodes were used if their slope in the linear range of the electrode was at least 80% of the Nernstian slope and if their detection limit was below the values recorded during the experiment. Means and standard deviations of intracellular ion concentrations are expressed as pIon values, since only pIon values are normally distributed (11). Mean ion concentrations were then calculated from the mean pIon values.
Voltage clamp experiments. Two-electrode voltage clamp was carried out by using a OC-720C voltage clamp amplifier (Warner Instruments, Hamden, CT). Electrodes were pulled from WPI 1B150F borosilicate glass. Electrodes were filled with 3 M KCl and had resistances of 1 to 5 M⍀. Current signals were filtered with an eight-pole Bessel filter (3-dB cutoff, frequency 2 to 5 kHz) and digitized at 10 kHz. Current and voltage signals were acquired via an EPC-16 I/O interface using Pulse software, and data were analyzed by using the PulseFit program (HEKA). Oocytes were clamped at a holding potential (V h ) of Ϫ60 mV; the current was constantly monitored and recorded at 1 Hz. Current-voltage protocols consisted of 50-ms steps from V h to potentials from Ϫ200 mV to 20 mV in 20-mV steps, returning to V h for 100 ms between each step. Mean steady-state current was plotted against voltage.
Vector construction. To create an oocyte expression vector for mgtC, a 891-bp HpaI-NsaI fragment of pDGK1 (24, 44) containing mgtC was gel purified and cloned into the EcoRV site of the oocyte expression vector pT7TS (courtesy P. Krieg) as pMBM60 and transformed into Escherichia coli DH5␣ as MM1997. To create an mgtC:EGFP fusion construct, mgtC was amplified from genomic DNA of Salmonella enterica serovar Typhimurium strain SL1344 (MM2329) using oligodeoxynucleotide primers carrying sites for NheI (5Ј-TTTTTGCTAGCATG GAGGAACGTATG) and BamHI (5Ј-TTTTTGGATCCTGACTATCAATGC TC), cut with these two enzymes and gel purified. This fragment was ligated into pEGFP-N1 (Clontech) that had been cut with NheI and BamHI and treated with alkaline phosphatase. The insert of the resulting pLMK1 plasmid was fully sequenced to ensure fidelity, and the plasmid was electroporated into E. coli DH5␣ (MM2426). Plasmid pOOX-mgtC:EGFP was constructed in pT7TS from pLMK1 by digestion with NheI and HpaI, followed by gel purification of the appropriate fragment. This fragment was then ligated into pLITMUS28 cut with SpeI and EcoRV and treated with calf alkaline phosphatase. pLITMUS28 was digested with SnaBI and AvrII, treated with calf alkaline phosphatase, ligated into pT7TS that had been cut with EcoRV and SpeI, and treated with calf alkaline phosphatase. The resulting vector as pOOX-mgtC:EGFP (pOOX-LMK1) was electroporated into E. coli DH5␣ as strain MM2494.
cRNA preparation and injection. MgtC and MgtC:EGFP cRNA was prepared by using the mMessage mMachine Kit T7 (Ambion) according to the manufacturer's directions. The cRNA concentration was determined spectrometrically and adjusted to 1 g/l. Using a Nanoject injector (Drummond Scientific), 50 nl of this solution was injected per oocyte. Control oocytes were injected with 50 nl of water.
[Ca 2؉ ] i determination with Fura-2. To determine [Ca 2ϩ ] i , oocytes were pressure injected with 25 nl of a 1 mM Fura-2 penta-potassium salt solution in 100 mM KCl, resulting in cytoplasmic concentrations of approximately 50 M. In initial experiments the oocytes were placed in the experimental chamber under an inverted microscope (Nikon Fluor, NA 1.3), taking care that the lightly colored side of the oocytes faced downward. Most experiments, however, used oocytes from albino frogs since this was more convenient. There was no difference in results using oocytes from either source. Determination of [Ca 2ϩ ] i was by the method of Colegrove et al. (6) . Briefly, fluorescence was excited alternately at 350 and 380 nm using a 150-W Xenon lamp as the light source, with a filter wheel rotating at 40 Hz. The emitted light was filtered at 510 nm and detected by using a photomultiplier. The ratio method of Grynkiewicz et al. (17) ]. ATP was determined by luminometry as previously described (44) . For measurement of Mg 2ϩ and Ca 2ϩ , oocytes were washed quickly in ice-cold 5 mM EDTA (pH 7.5) and transferred to Eppendorf microcentrifuge tubes (one per tube for Mg 2ϩ determinations and four to eight per tube for Ca 2ϩ determinations) containing 200 l of a 2:1 mixture of dibutyl and dioctyl phthalate. The tubes were centrifuged for 1 min, and most of the oil was aspirated, leaving a small amount in the bottom of the tube; residual liquid on the sides of the tube was removed with a cotton swab, and 500 l (Mg 2ϩ ) or 250 l (Ca 2ϩ ) of a 10% HNO 3 solution was added. The oocytes were destroyed by repetitive pipetting with a 1-ml Eppendorf pipette, followed by vortexing. Immediately before use, the samples were centrifuged for 10 min at 12,000 ϫ g. Cation concentrations were determined by atomic absorption spectrometry as described previously (24) .
86 Rb ؉ uptake experiments. Control or MgtC-injected oocytes were transferred into plastic tubes containing 5 ml of standard saline solution containing 2 mM KCl at pH 7.5 that included 2 or 35 M 86 Rb ϩ and incubated at room temperature up to 60 min. Eppendorf tubes (500 l) were prepared with 200 l of a 2:1 mixture of dibutyl and dioctyl phthalate. At each time point, the desired number of oocytes (one to four oocytes per tube, depending on the experiment) were pipetted into 0.25 ml of standard saline without isotope; the entire volume was then immediately layered over the phthalate solution, and the tube was centrifuged for 1 min at 12,000 ϫ g. The aqueous and oil layers were carefully aspirated, leaving a small amount of the oil layer in the bottom of the tube. Residual liquid on the sides of the tube was removed with a cotton swab. The entire vial was placed into a plastic vial and counted in a Beckman LS7500 scintillation counter by Cerenkov radiation. Immunochemistry and cytochemistry. The antibody for MgtC has been previously described (24) . For visualization of MgtC expression, oocytes were frozen in OCT compound (EM Sciences, Ft. Washington, PA) using liquid nitrogen and sliced to 10 m with a cryotome. Slices were mounted on gelatin-coated microscope slides and stored at Ϫ20°C until use. Sections were fixed with phosphatebuffered saline (PBS) containing 4% paraformaldehyde for 10 min at room temperature, washed, and permeabilized with 0.2% Triton-X. After being blocked for 2 h in PBS containing 1% bovine serum albumin and 10% donkey serum, rabbit anti-MgtC-antibodies (24) were added at a dilution of 1:50 for 2 h at room temperature. Sections were then washed extensively in PBS and treated for 2 h with a Cy3-linked donkey anti-rabbit antibody at 1:1,000 in PBS containing 1% bovine serum albumin and 10% donkey serum, followed by three washes with PBS. Sections were mounted on microscope slides using Dako fluorescence mounting medium (Dako, Carpinteria, CA). Images were acquired with an AxioCam digital camera and AxioVision software (Carl Zeiss, Oberkochen, Germany).
RESULTS
MgtC expression. From its highly hydrophobic amino acid sequence, MgtC is predicted to be an integral membrane protein. After expression of MgtC and MgtC-enhanced green fluorescent protein (EGFP) in oocytes, Western blot analysis (data not shown) fluorescence microscopy for MgtC-EGFP (Fig. 1) shows that MgtC is associated with the plasma membrane. Oocytes did demonstrate some intracellular MgtC expression. Electrophysiological results were similar whether measured after 2 or 7 to 10 days incubation, suggesting that intracellular MgtC did not disrupt normal ion homeostasis. Further, Western blots showed full-length MgtC to be present at both shorter and longer times of expression (data not shown), suggesting that effects observed after MgtC expression were due to the membrane incorporation of full-length protein and not a proteolytic fragment.
Effect . The expression of the proteins was visualized using a peptide antibody against MgtC or EGFP autofluorescence (rows). The data shown are from oocytes injected 3 to 7 days previously. Similar distributions were obtained at different times after injection (data not shown).
were unchanged in MgtC-injected oocytes versus control oocytes. The pH was 7.2, the [Mg 2ϩ ] i was 0.7 mM, and the total intracellular Mg 2ϩ was 22 to 23 mM (Table 2 ). When serovar Typhimurium invades a macrophage, it resides in a vesicle that is slightly acidic and low in Mg 2ϩ (14) . We therefore varied pH and extracellular [Mg 2ϩ ] to determine whether these influenced MgtC function. At an extracellular pH of 7.5, decreasing extracellular Mg 2ϩ to a nominal 0 mM or increasing it to 10 mM had no effect on intracellular pH in MgtC-expressing or control oocytes ( Fig. 2A) . Decreasing the intracellular pH to 5.5 resulted in an identical, small, and slow intracellular acidification of less than 0.1 pH units/min in both MgtC-expressing and control oocytes. At this more acidic pH, the rate of acidification increased in nominally Mg 2ϩ -free solutions and decreased when 10 mM Mg 2ϩ was present; however, these changes were similar in both MgtC-expressing and control oocytes (Fig. 2A) . Further, IV-relationships obtained from voltage clamp experiments showed no differences between MgtC-expressing and control oocytes at either pH 7.5 or 5.5 (Fig. 2B) or upon alteration of extracellular Mg 2ϩ concentration (Fig. 2C) Fig. 3A ) rather than the hyperpolarization seen in control oocytes. Upon elevation of extracellular [K ϩ ], MgtCinjected oocytes always showed much less response than the water-injected oocytes from the same batch and usually showed a marked hyperpolarization (Fig. 3A) . In a few cases, MgtC-injected oocytes responded with no change in membrane potential or a slight depolarization; in these cases, waterinjected oocytes always gave a much more pronounced depolarization. This variability is presumably due to various levels of MgtC expression in different batches of oocytes. The results with the MgtC-EGFP construct were identical (Fig. 3B) , indicating the functionality of the fusion protein. In addition, electrophysiological results were similar whether measured after 2 or 7 to 10 days of incubation, suggesting that intracellular MgtC did not disrupt normal ion homeostasis.
These results suggested that V m was no longer primarily dependent on the K ϩ electrochemical gradient across the cell membrane. We hypothesized, therefore, that some aspect of K ϩ homeostasis had been altered: possibly the Na ϩ ,K ϩ -ATPase since it replenishes intracellular K ϩ while pumping out Na ϩ . Therefore, we used the cardiac glycoside ouabain to selectively inhibit the oocyte Na ϩ ,K ϩ -ATPase. Addition of 40 M ouabain to the bath solution had virtually no effect on the response of control oocytes to a change in extracellular [K ϩ ], a finding consistent with Na ϩ ,K ϩ -ATPase having only a minor part in maintenance of resting membrane potential. However, in MgtC-expressing oocytes (Fig. 3A) or MgtC-EGFP-expressing oocytes (data not shown), addition of ouabain in the presence of increased extracellular K ϩ elicited a pronounced depolarization of the oocyte to a potential equivalent to that of the control oocytes. These results are consistent with an activation of Na ϩ ,K ϩ -ATPase in oocytes expressing MgtC. a The values shown are the means Ϯ the standard deviation for the total number of oocytes examined. The number of experiments is indicated in parentheses; next to that value, the numbers in brackets indicate the total number of oocytes measured. An asterisk indicates that the indicated pIon or other value in MgtC-expressing oocytes was significantly different from the value in control oocytes (P Ͻ 0.01) calculated using analysis of variance. If, rather than combining all oocyte measurement together, values within each batch of control and MgtCexpressing oocytes are compared, the differences are still significant at P Ͻ 0.01. The measured differences for K ϩ and Na ϩ correspond to electrode potential differences of 2.6 and 6 mV, respectively, a readily detectable difference (see Fig.  2 ).
Effect of MgtC on oocyte ion concentrations.
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SALMONELLA MgtC ACTIVATES Na ϩ ,K (Fig. 4A ) that was inhibitable by ouabain (Fig.  4B) . In contrast, the basal rate of 86 Rb ϩ uptake in control oocytes was unaffected by ouabain. These results indicated that basal K ϩ uptake was largely independent of the Na ϩ ,K ϩ -ATPase, which implies that basal Na ϩ ,K ϩ -ATPase activity in the naive oocyte is very low. In addition to increased K ϩ flux, an increase in Na ϩ ,K ϩ -ATPase activity would be expected to use a large proportion of the cell's ATP to drive and maintain the altered ionic conditions. Consistent with this interpretation, ATP concentration in MgtC-expressing oocytes was decreased ca. 25% compared to that of the control oocytes (Table 2) .
DISCUSSION
The mgtC locus was discovered in serovar Typhimurium during study of Mg 2ϩ transport systems (19, 40) . CorA is the primary Mg 2ϩ influx system of most Eubacteria and many Archaea (21) . MgtA-like transporters are much less widely distributed. CorA mediated Mg 2ϩ influx is apparently dependent on membrane potential (19, 37, 40) . In contrast, the MgtA Mg 2ϩ transporter of serovar Typhimurium belongs to the Ptype ATPase superfamily; however, unlike other P-type ATPases it mediates the influx of Mg 2ϩ with rather than against its electrochemical gradient (21, 40). Serovar Typhimurium also contains a second Mg 2ϩ -transporting P-type ATPase, MgtB, carried within Salmonella pathogenicity island 3. In serovar Typhimurium, mgtB forms the second gene of a two-gene operon with mgtC. This association naturally led to the hypothesis that MgtC was a ␤-subunit of MgtB (and possibly MgtA). We previously showed that MgtB expression (24) and transport kinetics (44, 45) were unaffected by the absence of mgtC. Both mgtB and mgtC have numerous homologs over a wide range of bacterial species but only very rarely form an operon. Many species possess an mgtC homolog but not an mgtB homolog. Thus, the association of mgtC and mgtB in an operon in serovar Typhimurium is likely fortuitous, perhaps as 
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a consequence of the regulation of both genes by the PhoPQ two-component system (3, 44, 45) . MgtC function. If MgtC is not functionally associated with MgtB, what is its function? A serovar Typhimurium strain lacking mgtC exhibits significant attenuation in a mouse model of infection after intraperitoneal injection (2) . The sequence of MgtC indicates that it is an integral membrane protein. The first 130 amino acids are predicted by hydropathy analysis to form at least four and most likely five transmembrane segments, while the 100-amino-acid C-terminal residues are predicted to be cytosolic. Thus, one function of MgtC might be transport, possibly of an ion. MgtC has previously been suggested to be a fourth Mg 2ϩ transport system in serovar Typhimurium, specifically a Mg 2ϩ /H ϩ antiporter (2). However, this is unlikely based on phenotypic data (19, 24, 40) . Since a possible ionic substrate was unknown, we chose to express MgtC in Xenopus oocytes where ions can be readily manipulated, measuring both current and membrane potential over a wide range of conditions. The electrophysiological data presented herein provide no support for the idea that MgtC can mediate movement of Mg 2ϩ across the membrane whether as a channel or as a Mg 2ϩ /H ϩ antiporter. The current-voltage relationships in Fig. 2 Although Mg 2ϩ /H ϩ exchange can be excluded, expression of MgtC in oocytes nonetheless elicits a marked change in the cell's response to manipulations that affect membrane potential, V m . In most animal cells, membrane potential is almost completely determined by the K ϩ gradient and lies close to the K ϩ equilibrium potential. We hypothesized, therefore, that some aspect of K ϩ homeostasis had been altered. V m is main- 11 ions s Ϫ1 taken up in the MgtCinjected oocytes. Thus, ignoring all other Na ϩ and K ϩ transporters, it would take about 1.6 h of Na ϩ ,K ϩ -ATPase activity to change [Na ϩ ] by 2 mM and about 10 h to change K ϩ by 10 mM. Thus, the apparent level of Na ϩ ,K ϩ -ATPase activity in MgtC-expressing oocytes is sufficient to achieve this degree of change in intracellular ion concentrations in the oocyte.
In contrast, the change in V m is not a direct result of steadystate changes in intracellular Na ϩ and K ϩ concentration but rather a rapid change in ion flux across the cell membrane. This requires only about 8,000 ions for an oocyte (calculated assuming a cell diameter of 1 mm 3 [and thus a surface area of 3.14 ϫ 10 Ϫ8 cm 2 ], a voltage change of 40 mV, and a specific capacitance of 1 F/cm 2 ). Inhibition of the Na ϩ ,K ϩ -ATPase by ouabain should, within a few seconds, abolish the contribution of the Na ϩ ,K ϩ -ATPase to V m . V m therefore quickly returns to a value close to the K ϩ equilibrium potential since equilibration of intracellular ion concentrations is not necessary. This conclusion is consistent with the fact that the addition of ouabain to inhibit the Na ϩ ,K ϩ -ATPase appears to revert the oocyte to normal behavior in less than a minute. The oocytes expressing MgtC and thus having an activated Na ϩ ,K ϩ -ATPase have presumably developed substantial steady-state compensation for MgtC as reflected in identical resting membrane potentials in water-injected and MgtC-injected oocytes; however, they exhibit far less compensation on the time scale of depolarization.
Physiological role of MgtC. During serovar Typhimurium invasion of a mammalian host cell, many bacterial proteins are injected into the host cell via a type III secretion system (7, 51) . Thus, activation of Na ϩ ,K ϩ -ATPase by MgtC suggests the obvious hypothesis that MgtC interacts with the Na ϩ ,K ϩ -ATPase in a host cell membrane. Alternatively, since it is unclear whether MgtC is a substrate for a type III secretion system, MgtC could interact with an unknown protein within the bacterium.
We favor the simplest hypothesis, that MgtC would act as a subunit of the host cell's Na ϩ ,K ϩ -ATPase, either by replacing the endogenous ␤-subunit or by binding to the existing ␣␤ heterodimer. Such interactions have been well documented in Xenopus oocytes for the Slc7 neutral amino acid transporters (47) and the non-pore-forming members of the Slc3 gene family (29) . Alternatively, the effects on V m and on intracellular Na ϩ and Ca 2ϩ content could be due to a general ability of MgtC to activate P-type ATPases, the Ca 2ϩ -and Na ϩ ,K ϩ -ATPases being the most prominent in the cell and thus giving the most pronounced phenotypic results. Third, and least likely, MgtC might not interact with a P-type ATPase at all but with another, unknown, host cell system that would indirectly cause ion homeostatic changes that would indirectly activate the Na ϩ ,K ϩ -ATPase. Since MgtC is required for full virulence of serovar Typhimurium, an ability to constitutively activate host cell Na ϩ ,K ϩ -ATPase (or induce other ion homeostatic changes) presumably has a role in the infectious process. One of the hallmarks of invasion of many enteric bacteria into mammalian cells is the induction of apoptosis (10, 22, 23, 25) . Apoptotic cell death induces a relatively mild inflammatory reaction in the host, thus minimizing mobilization of host cell defenses against the pathogen. Inhibition of Na ϩ ,K ϩ -ATPase is known to initiate or accelerate apoptosis in numerous cell types (20, 26-28, 30, 49, 50) . Perhaps activation of macrophage Na ϩ ,K ϩ -ATPase by MgtC serves the purpose of slowing apoptosis rather than initiating or promoting it. It is of interest that Yersinia pestis, Listeria monocytogenes, and serovar Typhimurium persist for a significant period of time in the host cell before final apoptotic events, and all have mgtC. In contrast, neither Shigella nor pathogenic E. coli strains have an mgtC, and neither persist for lengthy periods of time in host cells, instead causing rapid cell death (46, 51) .
Although an argument regarding activation of host cell Na ϩ ,K ϩ -ATPase and apoptosis is attractive, a major puzzle remains regarding both the timing and location of mgtC expression. The presence or absence of mgtC has no effect on the invasion or survival of serovar Typhimurium within macrophage or epithelial cell lines for at least several hours after infection (38) . Transcription of the mgtCB operon is greatly increased upon invasion, but it is not known whether both MgtC and MgtB proteins are actually expressed. Studies of expression in free-living bacteria indicate that the expression of the two proteins is not tightly coupled. After activation of mgtCB transcription in serovar Typhimurium via a decrease in extracellular [Mg 2ϩ ], MgtC, encoded by the first gene of the operon, cannot be detected for several hours although abundant MgtB protein is expressed (24, 44, 45) . This is not due to differential degradation of the mRNA (L. Shi and M. E. Maguire, unpublished observations). Nonetheless, demonstration that mgtC is required for long-term survival of the pathogen within the macrophage (2) implies that the role of the MgtC protein occurs late in the infection pathway. While this could be due to activation of a host cell protein such as the Na ϩ ,K ϩ -ATPase, MgtC might be expressed late in infection but be inserted only into the bacterial membrane. Regardless of the identity of any protein(s) with which MgtC interacts, we suggest that MgtC mediates a constitutive alteration of ion homeostasis most likely in the host cell, but possibly in the bacterium, and that this affects host-pathogen interactions, either by slowing the apoptotic process or protecting the bacterium from host cell defenses.
